In this study, the authors aim to develop the interconnection inverter of PV (photovoltaic generation) system with FRT (fault ride thorough) function and islanding detection function, and analyze the interaction between the both functions during the momentary voltage drop by using an analytical model of distribution system interconnected plural PV systems. Moreover, the authors propose a cooperated control method of the inverters with the islanding detection function and FRT function, and carry out a numerical calculation in order to verify the validity of the proposed method.
Introduction 
In recent years, for a global warming prevention and breakaway from fossil energy resources dependence, the introduction of the renewable energy progresses worldwide. Particularly, the introduction of the PV (photovoltaic generation) has been spreading in Japan [1] . The PV system is composed of the interconnection inverter and solar panel. However, there is a possibility that the problem of frequency or voltage occurs to an electric power system by widespread of PVs in the future [2] . When an accident occurs in the electric power system and the distributed generation is paralleled off from electric power system, it becomes islanding. Since there are the problems on preservation of the electric power system when it is in a condition of islanding, it is necessary to prevent islanding. Therefore, the inverters are provided with an islanding detection function. On the other hand, if PV systems are paralleled off by this function when the momentary voltage drop occurs by an accident such as thunderbolt, demand-supply balance of the electric power system collapses and it might become the massive blackout. Therefore, recent years, it has been developed the inverter with an FRT (fault ride thorough) function to continue outputting during the momentary voltage drop.
In this study, the authors propose a cooperated control method of the inverter with FRT function and the frequency change rate detection method which is one of the islanding detection functions. The frequency change rate detection method is used in the previous study [3] . The detection system sends an off-signal to the inverter when frequency change rate exceeds the threshold in succession to avoid unnecessary stop. In this study, in addition, the authors verify the usefulness of the proposed control method by the numerical simulation using a distribution system model interconnected plural PV systems.
Islanding Detection Function

Frequency Change Rate Detection Method
This section describes the frequency change rate detection method which is one of the passive methods of islanding detection [4] . Fig. 1 shows the control block of frequency change rate detection method. The method senses a sudden change of frequency of grid voltage by accidents. When the frequency of voltage changes suddenly and the frequency change rate ∆ exceeds the threshold 0 , the PV system is paralleled off. The standard of the threshold is ±0.1% ~ ±0.3%.
Frequency Feedback and Step-Injection Method
This section describes the frequency feedback and step-injection method which is one of the active methods of islanding detection [4, 5] . Fig. 2 shows the control block of frequency feedback and step-injection method. This method has two functions, the frequency feedback part and step-injection part. And the reactive current is injected by these two parts when the frequency changes suddenly. Fig. 3 shows the characteristics of frequency deviation-reactive power of frequency feedback part [6] . In the frequency feedback part, when the frequency changes suddenly, the reactive power is injected rapidly in the direction that promotes a change of frequency. As shown in Fig. 3 , the amount of injected reactive power is decided depending on the amount of change of frequency.
On the other hand, when the change of frequency is small (within ±0.01 Hz) and the harmonic voltage and the fundamental voltage is changed, the reactive power in the direction in which the frequency decreases is injected by the step-injection part as shown in Figs. 4 and 5.
In this method, since the reactive power is injected in the direction that promotes a change of frequency, there is not mutual interference when plural PV systems are interconnected. And since the reactive power is injected depend on change of frequency; PV systems do not give the influence to the electric power system.
FRT Function
Recent years, it has been developed the inverter with FRT function that continues outputting during the momentary voltage drop. This chapter describes the FRT requirement and proposed control method of FRT function. Fig. 6 shows the FRT requirement of the voltage reduction tolerated dose [7] . If the residual voltage is over 20% and the duration of voltage drop is within 1.0 sec, the inverter is required to continue outputting. Fig. 7 shows the FRT requirement of the frequency variation tolerated dose for step variation. Even if the frequency increases stepwise, the inverter is required to continue outputting when the rise is less than 50.8 Hz. Fig. 8 shows the FRT requirement of the frequency variation tolerated dose for ramp variation. Even if the frequency increases, the inverter is required to continue outputting when the frequency change rate is less than ±2 Hz/s.
FRT Requirement
FRT Control Logic
When it becomes islanding, the frequency increases as shown in Fig. 9 by the reactance of load and by the frequency feedback and step-injection method. On the other hand, when the momentary voltage drop occurs, the frequency fluctuates for a brief time as shown in Fig. 10 . If the inverter is carried with the frequency change rate detection method, PV system is paralleled off when the frequency increases like Fig. 9 or when the frequency fluctuates like Fig. 10 , even though PV system must ride through. Fig. 11 shows the control block of proposed FRT function and Fig. 12 shows the cooperated control block of islanding detection and FRT function. The authors propose the FRT function that avoids unnecessary stop during the momentary voltage drop. First, the larger threshold is set for the frequency change rate (±0.6% (±0.3 Hz)). And send an off-signal to the inverter when the frequency change rate ∆ exceeds the threshold 1 consecutively from the standard value of frequency (50 Hz or 60 Hz) and the number of frequency change continuation cycle N exceeds the threshold 0 . Hence, in the inverter which is carried by the proposed cooperated control method, PV system is paralleled off when the frequency keeps increasing or decreasing. And when the frequency exceeds the setting value of over frequency relay or the settingvalue of under frequency relay , PV system is paralleled off.
Numerical Calculation Example
Analytical Model of Distribution System and Simulation Condition
The authors carry out the numerical calculations in order to verify the validity of the proposed method. Fig.  13 shows the analytical model of distribution system. The PV system and load are interconnected in the low-voltage distribution system. The momentary voltage drop will occur due to the short circuit accident. The islanding will occur due to separating from high-voltage system. The load capacity of consumer is 1 kW. The output of PV is 1 kW. The impedance of distribution lines is shown in Table 1 [8] . Fig. 14 
Simulation Results
Firstly, the authors carried out the numerical calculations in case of PV system without FRT function and in case of PV system with the proposed FRT function, using the analytical model of Fig. 13 . Figs. 15-17 show the simulation results in case of PV system without FRT function during the momentary voltage drop. Figs. 18-20 show the simulation results in case of PV system with the proposed FRT function during the momentary voltage drop. As shown in Figs. 15-17 , in case of PV system without FRT function, PV system was paralleled off during the momentary voltage drop by the frequency change rate detection method and the output of PV became zero. On the other hand, in case of PV system with the proposed FRT function, PV system rode through (see Fig. 19 ).
Figs. 21-23 show the simulation results in case of PV system with the proposed FRT function during the islanding. In case of PV system with the proposed FRT function, since the frequency exceeded the setting value of over frequency relay during the islanding, PV system was paralleled off and the output of PV became zero (see Figs. 21-23) .
Secondly, the authors carried out the numerical calculation in case of interconnection of the plural PV In addition, numerical calculation was carried out in case that only PV system 3 in Fig. 14 Fig. 28 , PV system 1 and PV system 2 malfunctioned and paralleled off during the momentary voltage drop. PV system 3 rode through and prevented malfunction occuring due to the frequency change rate detection method. Since PV system 1 and PV system 2 paralleled off during the momentary voltage drop, the frequency of PV system 3 changed more than the case of all three PV systems with the proposed FRT function. 
Conclusions
In this study, the authors proposed the cooperated control method of the interconnection inverter of PV system with FRT function and islanding detection function that avoids unnecessary stop. In these functions, PV system is paralleled off when the frequency change rate exceeds the threshold consecutively from the standard value of frequency (50 Hz or 60 Hz). PV systems with these proposed functions can ride through and prevent malfunction that is occurred by the frequency change rate detection method during the momentary voltage drop. The authors showed the usefulness of the proposed control method by the numerical calculations.
In the future, the authors will investigate the interaction between the islanding detection function and FRT function during the momentary voltage drop on various conditions. And the authors will implement the proposed method to the actual inverter and will verify the usefulness of the proposed method using experimental equipment.
